Twelve different porins from the gram-negative bacteria Escherichia coli, Salmonella typhimurium, Pseudomonas aeruginosa, and Yersinia pestis were reconstituted into lipid bilayer membranes. Most of the porins, except outer membrane protein P, formed large, water-filled, ion-permeable channels with a single-channel conductance between 1.5 and 6 nS in 1 M KCI. The ions used for probing the pore structure had the same relative mobilities while moving through the porin pore as they did while moving in free solution. Thus the single-channel conductances of the individual porins could be used to estimate the effective channel diameters of these porins, yielding values ranging from 1.0 to 2.0 nm. Zero-current potential measurements in the presence of salt gradients across lipid bilayer membranes containing individual porins gave results that were consistent with the conclusions drawn from the single-channel experiments. For all porins except protein P, the channels exhibited a greater cation selectivity for less mobile anions and a greater anion selectivity for less mobile cations, which again indicated that the ions were moving inside the pores in a fashion similar to their movement in the aqueous phase. Three porins, PhoE and NmpC of E. coli and protein P of P. aeruginosa, formed anion-selective pores. PhoE and NmpC were only weakly anion selective, and their selectivity was dependent on the mobility of the ions. In contrast, cations were unable to enter the selectivity filter of the protein P channel. This resulted in a high anion selectivity for all salts tested in this study. The other porins examined, including all of the known constitutive porins of the four gram-negative bacteria studied, were cation selective with a 3-to 40-fold preference for K+ ions over Cl-ions.
The cell envelope of gram-negative bacteria consists of three different layers, the outer membrane, the peptidoglycan layer, and the inner membrane (32) . The inner membrane, which is a phospholipid bilayer, represents a real diffusion barrier. Movement of molecules such as substrates and small ions across the cytoplasmic membrane occurs via transport systems involving specific integral membrane proteins. The outer membrane acts as a molecular filter with a defined exclusion limit for hydrophilic solutes (32) . These molecular sieving properties result from integral outer membrane proteins called porins (28) , which form large waterfilled pores through the outer membrane. Purified porin trimers have been reconstituted in lipid vesicles (18, 27, 28, 33) and artificial lipid bilayer membranes (3, 4, 6) . In both systems they form water-filled pores with effective diameters between 1 and 2 nm (3, 4, 6, 18, 28, 33) .
The study of the permeability properties of porin trimers in lipid vesicles has presented weak evidence that the pores are not simply water-filled channels but exhibit a certain selectivity for cations or anions (33) . The lipid bilayer technique provides a much better tool for the study of the single conductive unit (i.e., porin trimer) and its properties under various conditions. Furthermore, this technique allows access to both sides of a membrane, and the pore properties can be studied as the function of changes of pH and salt concentration (4) . The measurement of zero-current membrane potentials yields precise information on the selectivity of the pores under all conditions. Furthermore, the lipid bilayer technique allows the study of a single unit, which is not possible by other methods.
In this paper we studied the ionic selectivity of a variety of different porins of Escherichia coli, Salmonella typhimurium, Pseudomonas aeruginosa, and Yersinia pestis in the * Corresponding author. presence of three different salts. Most of the pores appear to be cation selective. Only 3 of 13 porins studied here showed anion selectivity. Two of them (PhoE and protein P) are induced in phosphate-starved cells (19, 39) , whereas the third (NmpC) has been found in phenotypic revertants of E. coli K-12 mutants lacking the OmpC and OmpF porins in the outer membrane (24). The results presented here, with one exception, demonstrate that these porins formed large water-filled channels in which the small ions showed the same mobility sequence as they did in the aqueous phase. The exception, P. aeruginosa outer membrane protein P, formed a small, highly anion-selective channel. In contrast to the large water-filled channels, the permeability of the protein P pore for anions was related to their size and not to their aqueous mobility.
MATERIALS AND METHODS
Bacterial strains and porin isolation. The OmpC and OmpF (B) porins were purified from strains JF700 (16) (obtained from B. Bachmann, Coli Genetic Stock Center, Yale University, New Haven, Conn.) (proC24 ompF254 ompA256 his-53 purE41 ilv-277 met-65 lacY29 xyl-14 rpsL97 cycAl cycB2 tsx-63) and E. coli B, respectively, by Gordon Crockford as described previously (38) . The OmpF (K-12) porin was a generous gift of Taiji Nakae and was obtained from E. coli K-12 strain KY2209 (30) . Purification of the E. coli NmpC porin (21) by Gordon Crockford, of the E. coli PhoE porin (1) and Y. pestis protein E (12) by Richard P. Darveau, of the E. coli protein K porin (41) by Chris Whitfield, and of the P. aeruiginosa protein P porin (19) by Keith Poole have been described previously.
The S. typhimurium porins were generously supplied by Taiji Nakae. They were obtained from strains HN407 (OmpF), SH5551 (OmpC), and SH6017 (OmpD), producing single species of porin as described elsewhere (38) .
ION SELECTIVITY OF GRAM-NEGATIVE BACTERIAL PORINS
Lipid bilayer experiments. The methods used for black lipid bilayer experiments have been described in detail in a previous publication (6 The zero-current membrane potential measurements were made as previously described (7) . The membranes were formed in a 10 mM salt solution containing a predetermined concentrated protein stock so that the conductance of the membrane increased about 100-to 1,000-fold within 20 to 30 min. The voltage was then switched off and the instrumentation was switched to allow measurement of zero-current membrane potentials. The salt concentration on one side of the membrane was raised by adding small amounts of concentrated solutions while stirring. The zero-current membrane potential reached its final value within 5 to 10 min.
RESULTS
Single-channel experiments. The porins used in this study were able to increase the conductance of artificial lipid bilayer membranes by many orders of magnitude. This increase was found to depend on the type of lipid used for rmembrane formation. For membranes from oxidized cholesterol in n-decane, the membrane conductance at a fixed porin concentration was about 100-to 1,000-fold larger than it was for membranes formed from diphytanoyl phosphatidylcholine in n-decane. It should be noted, however, that the properties of the single channels were virtually identical for both lipids. This suggests that the insertion of the preformed pore (most probably a trimer of three identical polypeptide subunits) into the bilayer membranes is governed by a kinetic process, as has been discussed in detail elsewhere (4) .
Adding small amounts of the porins to membranes with small surface areas allowed the resolution of step increases in membrane conductance. These steps indicate that the unit of conductance is a defined structure. Furthermore, by analogy with other single-channel experiments (3, 4, 6) , they represent the incorporation of trimers into the membranes. The lifetime of the single channels was on the time scale of minutes. Most of the conductance steps were directed upwards, and terminating events were only rarely observed. The single-channel conductance was in most cases distributed over a two-to threefold range as reported elsewhere (4) . Only for protein P of P. aeruginosa outer membrane was a sharp histogram observed (20) .
Single-channel conductances were measured for a variety of different porins of E. coli and protein E from Y. pestis. The average single-channel conductance A was calculated by counting a sufficient number of single events (at least 100). Values of A for the three different electrolytes KCI, LiCl, and KCH3COO are given in Table 1 together with some earlier-published data obtained with porins of S. typhimurium (5) and P. aeruginosa (3) . The three different salts were chosen to provide a comparison of the single-channel conductance as a function of the aqueous mobility of the different ions. Potassium ions and chloride ions have about the same mobility in the aqueous phase (limiting molar conductivities of 73.5 and 76.4 S x cm2 per mol, respectively [10] ), whereas the mobilities of Li' and CH3COO-are considerably smaller (limiting molar conductivities of 38.7 and 40.9 S x cm2 per mol, respectively). The single-channel conductance of a large water-filled pore which is cation "Zero-current membrane potentials V,, in the presence of a 10-fold salt concentration gradient across membranes where different porins were inserted. V,, is the electrical potential of the dilute side (10-M) minus the potential at the concentrated side (10' M). The membranes were formed either from diphytanoyl phosphatidylcholine-n-decane or from oxidized cholesterol-ndecane. The pH of the aqueous solutions was 6; the temperature was 25°C.
bFrom reference 1. measurements of zero-current membrane potentials in the presence of salt gradients across the membranes (Fig. 1 , Table 2 ). The measurements were performed by creating a salt concentration gradient across a membrane where about 100 porin pores had been inserted. This created a driving force for movement of the ions through the porin pores towards the dilute side of the membrane. The ions moved Figure 1 shows the zero-current membrane potentials Vm in the presence of the different E. coli porins measured as a function of the salt gradient c"/c' across the membranes. Vm was positive on the dilute side for OmpF, OmpC, and protein K but negative for PhoE and NmpC. This indicated preferential movement of cations in the first case and preferential movement of anions in the latter case in response to the concentration gradient. The results (Fig. 1) could be reasonably well fitted to the Goldman-Hodgkin-Katz equation as described earlier (7) with the indicated ratios of the cation permeability P, divided by the anion permeability P, (Fig. 1) . The zero-current membrane potentials measured as a result of a 10-fold salt concentration gradient across membranes doped with the different porins are given in Table 2 .
These data were used to calculate the permeability ratios PC/Pa by application of the Goldman-Hodgkin-Katz equation (Table 3) . Four of the porins from the E. coli outer membrane were found to be cation selective. The same applied to the three porins of the outer membrane of S. typhimurium, to protein F of P. aeruginosa, and to protein E of Y. pestis. The permeability ratio was found to be dependent on the ions present in the aqueous phase. The pores generally showed greater cation selectivity if Cl-was replaced by the less mobile anion acetate and less cation selectivity if K' was replaced by the less mobile cation Li'. This clearly indicated that the ions move through the pores similarly to the way they move in the aqueous phase (i.e., in bulk solution).
The two anion-selective pores of E. coli, PhoE and NmpC, showed a greater anion selectivity for the less mobile cation and a smaller selectivity for the less mobile anion. In this respect protein P of the P. aeruginosa outer membrane represents a complete exception. Although the single-channel conductance in the presence of 1 M KCH3COO was drastically reduced compared with that in 1 M KCl, the pore remained highly anion selective in KCH3COO with a PaIPC of >100. This finding is in agreement with the earlier-published observation that cations cannot enter the protein P pore (2) .
DISCUSSION
This paper clearly demonstrates that most porins of gramnegative bacteria form large water-filled channels in lipid bilayer membranes. The ions used in this study did not show any noticeable interaction with the pore interior, which could be related to the size of the pores or of the ions per se. On the other hand, it could be demonstrated that the channels were slightly selective. The normal porins, i.e., those present under most growth conditions, in the outer membrane of E. coli, S. typhimurium, P. aeruginosa, and Y. pestis were cation selective. This cation selectivity is apparently caused by an excess of negatively charged groups inside the pore or on the surface of the protein or both, as shown in some cases by chemical modification of the porin trimers (8, 13, 20) and by the dependence of the ionic selectivity on the pH of the aqueous phase (1, 7 (33) . In contrast, the interpretation of the results obtained from lipid bilayer membranes is more straightforward because of the use of simple salt solutions containing ions with known aqueous mobilities.
All three porins of the S. typhimurium outer membrane were found to be cation selective. This result is in agreement with the data obtained earlier from single-channel experiments (5). It is, however, in disagreement with the results which have been derived from the vesicle permeability assay (30) . In this study it was claimed that OmpD, named earlier the 34K (38) or 38K (5) protein, plays the same role in S. typhimluriuin as PhoE in the outer membrane of E. coli, i.e., it is a pore with some preference for the permeation of negatively charged solutes (30, 33, 39 E. coli B outer membrane contains under normal growth only one porin, OmpF (B) (11) , whereas expression of the two porins in the outer membrane of E. coli K-12, OmpF (K-12) and OmpC, is regulated by the osmolarity of the growth medium (31) , although the promoter exchange between the ompF and ompC genes has virtually no influence on the growth rate of the cells (25) . The amino acid sequences of OmpF (B) and OmpF (K-12) differ in only a small number of positions (11, 22) . The selectivity of both porins was similar, although the effective diameter of the OmpF (B) pore appears to be a little larger than that of the OmpF (K-12) pore. This result is in agreement with the data obtained from reconstituted vesicle experiments (30) .
PhoE and NmpC of E. coli and protein P of P. aeruginosa all formed anion-selective pores in lipid bilayer membranes. PhoE and NmpC were only weakly anion selective, and the selectivity was dependent on the mobility of the ions (Table  3 ). In contrast, protein P showed, for all salts tested here, a greater than 100-fold preference for anions over cations even though the single-channel conductance was drastically reduced in the presence of acetate (Table 1 ). This substantial difference in selectivity of the three anion-selective channels can be largely explained by the difference in size of the PhoE and NmpC channels compared with that of the protein P channel. We have presented evidence that protein P has a constriction of about 0.6 nm diameter, with positively charged amino acids located near this constriction (2, 20) . PhoE and NmpC apparently do not contain such a constriction, according to the data presented here and elsewhere (1, 13, 21) . Thus, despite the presence of excess positively charged groups in the channel, cations are not completely repelled and can enter the channel. In agreement with this we have demonstrated that the protein P channel has a strong binding site for anions which results in saturation of the single-channel conductance at high salt concentrations, whereas no saturation was observed for the PhoE and NmpC pores (1, 21) . From this we may conclude that the postulated binding site (34) (5, 29) .
